Abstract. 2014 Energy-filtering transmission electron microscopy (EFTEM) with an imaging filter lens can combine the modes of electron spectroscopic imaging (ESI) and electron spectroscopic diffraction (ESD), and different modes can be used to record an electron energy-loss spectrum (EELS). Therefore, an EFTEM can make full use of the elastic and inelastic electron-specimen interactions. This review summarizes the possibilities of EFTEM for applications in materials science. 
Transmission electron microscopy (TEM) lives from the elastic scattering of electrons. Inelastic scattering with energy losses is mostly troublesome due to the chromatic aberration and the delocalization of inelastic scattering processes. Boersch [1] and Môllenstedt and Rang [2] first used zero-loss filtering of images and diffraction patterns by means of a grid or increasing the potential at the central electrode of a electrostatic lens but aberrations in this type of lenses limited their use. A cylindrical electrostatic lens (Môllenstedt analyzer [3] ), retarding field spectrometers [4] and a Wien filter [5, 6] have been used in many laboratories for the investigation of the plasmonlosses in an electron energy-loss spectrum (EELS) which first have been reported by Rudberg [7] and Ruthemann [8] . The latter showed already the existence of edges by inner-shell ionization and Hillier and Baker [9] started the first attempt of an elemental microanalysis before EELS became a routine method [10, 11] especially with magnetic prism spectrometers below the final image.
In 1962 Castaing and Henry [12] at first demonstrated a filter lens by a combination of a magnetic prism and an electrostatic mirror which has been further developed [13] and is now in widespread use in a commercial instrument [14] . The limitation to acceleration voltages of the order of 80 -100 kV due to an increased risk of electrical breakdowns at higher voltages has been overcome by the use of pure magnetic Q-filters first proposed in the thesis of Sénoussi (Paris-Orsay 1971) which also allow to correct for the second order aberration [15] [16] [17] .
The installation of such a filter lens in the electron-optical column of a transmission electron microscope allows to combine several modes of electron spectroscopic imaging (ESI) and diffraction (ESD) and different modes of EELS. This review summarizes the possibilities and prospects in the field of materials science.
Article available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:0199200302-3014100 2. Instrumentation for combined ESI, ESD and EELS. Without discussing an électron filter lens in détail, we can look on such an electron optical device as a black box with the following conjugated planes in front of and behind the filter lens ( Fig. 1 ) [18] [19] [20] [21] . The [21] [22] [23] showed that the zeroloss filtered transmission Tfil(03B1) superposed of the unscattered and elastically scattered electrons through 0 ~ 03B8 ~ 03B1 (03B1 = objective aperture) shows an exponential decrease which for small a is identical with the decrease of the intensity of unscattered electrons with increasing mass-thickness x = pt (Xel = mean free path of elastic scattering) and is much lower than the unfiltered transmission Tunf(03B1) for carbon whereas the differences in Tfil und Tunf are lower in platinum films due to the ratio of inelastic-to-elastic total cross-sections [24, 25] The useful mass-thicknesses for amorphous and fine-crystalline films of C, Ge and Pt which show a transmission of 10-3 as a practical limit for reasonable exposure times are 03BCg/cm2 for a = 4 mrad at E = 80 keV [23] . As an application of zero-loss filtering on amorphous specimens in materials science figure 3 shows unfiltered and zero-loss filtered images of a polyethylenepolypropylene copolymer stained with ruthenium oxide.
Coarse-crystalline films can easily be prepared to measure the maximum useful thickness for zero-loss imaging of single-crystal and large-grained crystalline specimens. Fig. la (Fig. 4) figure 4 can be described by [26] with the mean absorption length of dynamical theory and the imaginary zero Fourier coefficient V0' of the lattice potential. These maximum mass-thicknesses of 150 p,gjcm2 are of the order of twice of those reported above for amorphous films. Such an increase in transmission for single-crystal and coarse-crystalline films compared to amorphous and fine-crystalline films has already been observed for the unfiltered transmission [27] and can be attributed to the averaging over areas with Bragg reflection and anomalous transmission and the destructive interference of elastic scattering in the absence of low-indexed Bragg reflections whereas the kinematical theory of electron diffraction is a good approximation for the fine-crystalline films. Anomalous transmission also allows to observe thicker single-crystal gold films [28] . [26, 39] .
Stacking fault contrast fringes have been observed up to AE = 300 eV [26, 36] which can be explained by the relative insensitivity to excitation errors because the bright-field contrast is symmetric and starts at top and bottom with bright and dark fringes for a = +2?r/3 and -27r/3 faults, respectively.
Normally different phases or precipitates and matrix show differences in their plasmon-loss spectrum. In EELS these can be used for the identification of phases and the measurement of concentration of alloys with an accuracy of 0.1 eV in the plasmon shift (see Sect. 5.1 and Fig. 6c ). In the ESI mode phases with sharp plasmon losses of an energy width smaller than 1 eV and separated by more than 1 eV can be selectively imaged when using a selecting energy window of 03B4E ~ 1 eV. For example, He bubbles in aluminium appear bright at AE = 11 eV and disappear at the plasmon loss 15 eV of aluminium [42] ; brighter images of Be precipitates in Al can be observed at 19 eV, the plasmon loss of Be [43] ; crystals of In and Sn in a double layer (AE = 12 and 13 eV) [20] or Al3Li precipitates and Al-7wt%Li matrix (AE = 13.5 and 14.5 eV) [44, 45] can be selectively increased in brightness. Figure 6a demonstrates that an unfiltered image of Al-7wt%Li shows a very weak contrast of the precipitates whereas these are imaged with a bright contrast in a plasmon-loss filtered image with the energy loss AE = 13.5 eV of the AlLi3 precipitates (Fig. 6b) and a dark contrast with the energy loss AE = 14.5 eV of the plasmon loss of the Al matrix ( Fig. 6d) when using an energy window with a width 03B4E = 1 eV. The parallel-recorded EELS in Fig. 6c demonstrates that the sharpness of the plasmon losses is sufficient for this separation of phases. Figure 7 shows an example of contrast tuning for selectively increasing the contrast in the same copolymer as shown in figure 3 but with less ruthenium oxide and a thicker section. The unfiltered image (Fig. 7a) and the ESI at AE = 50 eV (Fig. 7b) (Fig. 7c) . This contrast decreases at 0394E = 350 eV (Fig. 7d) beyond the carbon K edge. 3.5 ELEMENTAL MAPPING. -When subtracting pixel per pixel the extrapolated background intensity from the ESI at an energy loss just beyond the ionisation energy of an element of interest this net image can be considered as an elemental map [51] . The background can be extrapolated by two ESI below the edge [52, 53] or by one below and the other beyond a white line (e.g. Ca L) [54] .
The EELS and ESI net intensity within an energy window AF, AE + bE can be written with N = number of the atoms of the element per pixel, 03C3(03B4E, a) = partial cross-section of ionisation and I0(03B4E, 03B1) = image intensity in a low-loss image including the zero-loss. For quantitative EELS and elemental mapping, the partial cross-sections has to be known by calibration experiments. An important problem is the decrease of intensities Io and ln when electrons are scattered through angles larger than the objective aperture a [53, 55] . For example, the net intensity in elemental maps of Ca in epon sections of Ca-phosphate crystals in the pre-stage of bone mineralization is decreased by the stronger elastic large-angle scattering of Ca. As a consequence, nonspecific intensities from the surrounding cell structure become comparable in intensity. When taking a fourth image at low losses inclusively the zero-loss (10) a digital division In/Io results in [56] [57] [58] than for biological sections and a large interest exist for EFTEM at higher voltages.
3.6 Mosï-PROBABLE Loss IMAGING. -When the zero-loss transmission Tfil falls below 10-2 the EELS consists of a broad Landau maximum formed by multiple plasmon losses and convolved ionisation edges. Up to mass-thicknesses x ~ 300 Mg/cm 2the intensity in a bE = 5-10 eV window at the most-probable energy loss is larger than 10-3 of the incident intensity and can be used for most-probable-loss imaging, [26, 59, 60] . This avoids the very strong chromatic aberration. The multiple scattering in such thick films fills the range of scattering angles 0 ~03B8~03B10 (03B10 = objective aperture) with approximately constant intensity. As discussed in section 3.2 for plasmon losses this results in a very broad spectrum of excitation errors. The situation is comparable with the STEM mode of a TEM working with a large probe and detector aperture [61] [62] [63] [64] [65] . Edge and bend contours decrease very strongly in contrast. However, differences in crystal orientation by bending or at grain boundaries and even lattice defects can still cause a contrast due to differences in anomalous absorption.
For very thick specimens (~ 1 pm for polystyrene and 0.5 pm for aluminium) a top-bottom effect caused by multiple scattering has to be taken into account [66] which is reciprocal to the top-bottom effect in the STEM mode [67] but reduced in magnitude. 4 . Electron spectroscopic diffraction modes. 4 .1 AMORPHOUS SPECIMENS. - The diffraction patterns of amorphous specimens show diffuse diffraction maxima and minima. A Fourier transform of the oscillations around the averaged decrease of elastic scattering expected without interference results in the radial density distribution 47rr2p(r)dr of atoms with distances r, r+dr [68, 69] [70] [71] [72] is handicapped by the superposition of inelastic small-angle scattering which shows no diffraction for periods larger than the diameter of the excitation volume of plasmon losses of the order of 1 nm [73] . Therefore, zero-loss filtering has successfully been applied to decrease the inelastic background [74, 75] in small-angle diffraction patterns of evaporated films. The diameter of the halo allows to get a statistical information about the distribution of particle distance. In future zero-loss filtering should also allow to get quantitative information about the radius of gyration as a measure of the size of particles from the decrease of diffuse scattering, especially when the illumination aperture and the analysed area can be decreased by the use of field emission guns.
4.3 POLYCRYSTALLINE DIFFRACTION PATTERNS. -Increasing thickness of polycristalline films results in an increase of inelastic background and a decrease of the peak intensity of DebyeScherrer rings. Zero-loss filtering allows to record Debye-Scherrer rings from ~ 0.5 pm aluminium films with 80 keV electrons which show no rings in unfiltered diffraction patterns. The benefit of zero-loss filtering can be recognized by measurements of the gain in peak-to-background ratios for increasing thickness of evaporated aluminium films (Fig. 8) , see also measurements of CaF2 on carbon in [76] . 4 .4 SINGLE-CRYSTAL DIFFRACTION PATTERNS. -Energy filtering of single-crystal diffraction patterns [18, 19, 21, 73, [77] [78] [79] [80] [81] [82] can be used for a contrast enhancement of Bragg spots, thermaldiffuse streaks caused by electron-phonon scattering and Kikuchi lines and bands by zero-loss filtering and for a separation of the contributions of plasmon scattering to Kikuchi lines and ba.ids and inner-shell ionization processes. Figure lb shows the unfiltered (left) and zero-loss diffraction patterns of a 111-oriented Si foil and Figure 9 shows a series of (a) unfiltered and (bf) energy-filtered diffraction patterns of an 100-oriented GaAs-foil. The zero-loss image (b) decreases the inelastic background and results in a better contrast of thermal-diffuse streaks, Kikuchi lines and weak, forbidden reflections from the first Laue zone. With thin foils, the thermal-diffuse streaks caused by electron-phonon scattering [83, 84] only appear in the zero-loss image, whereas in thicker foils they also appear in the plasmon-loss images due to elastic-inelastic double scattering. The Bragg spots are increasingly blurred with increasing energy loss by a convolution with the angular distribution of inelastically scattered electrons and disappear at energy losses of a few hundreds of eV However, excess and/or defect Kikuchis bands can be observed up to energy losses of a few thousands of eV When the contribution to the observed high energy loss in the EELS is predominately caused by a single ionization loss from the plasmon-loss region to an energy loss beyond the Ga and As L23 edges at 1115 eV and 1323 eV, excess Kikuchi bands are observed, because the probability for scattering into a distinct direction of the diffraction pattern is proportional to the probability density of a Bloch wave at the nuclei ( [85] . For foils with medium thickness the contrast of Kikuchi bands change from defect at low to excess at high energy losses [21, 73] . The angular distribution of inelastic scattering due to interband transitions, plasmon losses and Compton scattering results in special contrast effects in energy-filtered diffraction patterns. When filtering with 03B4E ~ 1 eV in small increasing steps of energy loss a bright disc around the primary beam and the Bragg spots appear just beyond the plasmon loss due to the angular distribution (4) . When the plasmon loss shows a dispersion as a parabolic increase of the plasmon energy with increasing scattering angle, the disc becomes a diffuse ring of increasing diameter when increasing the selected energy loss [44] and the ring disappears when the scattering angle reaches the cut-off angle (Fig. 10) . The dispersion of plasmon losses and interband transitions shows a crystal anisotropy [86, 87] densities [44] as deviations from concentric isodensities which should appear in case of isotropic dispersion. This is demonstrated in figure 11 for the case of the interband transition of graphite.
The isodensities at AE = 7 eV (Fig. 10a ) and 13 eV (Fig. 10b) show a hexagonal shape with the corners directed to the Bragg reflection (a) and between the reflection in (b). The plasmon loss at 0394E ± 31 eV shows an isotropic dispersion (Fig. 10c) figure 12 we confirm this relation by a plot of 03B82C versus DE for aluminium and different carbon modifications. Systematic lower value of 03B8C and the high extrapolated value of AE = 80 eV for 03B8C = 0 has also been reported for amorphous carbon by Egerton [88] and cannot be explained by theory whereas the measured 03B8C values of graphite are systematically higher and the extrapolation to 03B8C = 0 only shows an intersection of a few volts because the energies in the band structure of graphite are only 6 eV and 25 eV below the vacuum level [90] . IN (Fig. lc) which can be recorded on a photographic emulsion, sequentially by scanning the spectrum across a slit in front of a scintillator-photomultiplier combination below the camera (Fig. ld) , or parallel-recorded by a fluorescent screen coupled to a CCD or SIT camera. Figure 6c shows two parallel-recorded plasmon loss spectra from the Al matrix (DE = 14.5 eV) and a Al3Li precipitate (AE = 13.5 eV). It is possible to determine the position of the loss with an accuracy of 0.1 eV though the resolution is only of the order of 1 eV due to the energy spread of the thermionic electron gun. Fig. 1 ) results in a continuous set of EELS patterns from each point of the selected line [91] . This technique has been used for a spatially-resolved EELS with the slit across different phases or precipitates [92, 93] or for an angular-resolved EELS with the slit across a diffraction pattern [94] [95] [96] [97] . The angular resolved EELS from an evaporated aluminium film (150 nm) in figure le shows the zero-loss line with the primary beam and Debye-Scherrer rings and the 15 eV plasmon loss and its dispersion (parabolic curvature) and the Al L losses beyond 75 eV In the spatially-resolved EELS of figure lf, the slit runs across a graphite flake (bottom) on a carbon supporting film (top). The shift of the plasmon loss from 23 eV (carbon) to 27 eV (graphite) and the appearance of the 7 eV loss of graphite can be clearly identified.
